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Motivation 
Accumula'on	of	dust,	dirt	and	par'cles	on	the	
surface	of	PV	modules	and/or	lenses	of	CPV	

systems	
	

Drop	in	power	output:	up	to	70%.	
Drop	in	energy	yield:	0	to	6%	in	the	U.S./EU	

Non-uniform	soiling:	mismatch	between	units	or	
sub-modules	



The	Interna8onal	PV	Quality	Assurance	Task	Force	(PVQAT,	"PV	
cat”)	leads	global	efforts	to	craM	quality	and	reliability	standards.	
Website:	hQp://www.pvqat.org	(Task	group	12)	

Soiled	Residen'al	PV	System	of	David	Bernal	in	Los	Angeles	(Photo	by	Greg	Smestad)	



Diagram	Courtesy	of	Al	Hicks,	NREL	



Defini8on	of	Par8culate	MaCer	

ø < 10  
um ø < 2.5 

um 

Particulate matter (PM): concentration (µg/m3) of solid 
particles and liquid droplets suspended in 1 m3 of air. 

PM10 Sources: 
Crushing or grinding 
operations  
Dust stirred up by 
vehicles on roads 

 

PM2.5 Sources: 
Motor vehicles, 
power plants, 
residential wood 
burning, forest 
fires, agricultural 
burning, industrial 
processes. 

Source:	hQps://www.airnow.gov/index.cfm?ac'on=aqibasics.par'cle	



An Introduction to Solar Radiation, Muhammad Iqbal, 
Academic Press, New York, 1983, Chapter 6. 

Atmospheric Scattering 

112 6 Solar Spectral Radiation under Cloudless Skies 

For mathematical treatment, a convenient parameter to express the size 
of a scattering particle is πΏ/λ, where D is the particle diameter. Let n be the 
index of refraction and λ the wavelength in micrometers. It is considered 
that [2] 

(1) when πϋ/λ < 0.6/π, scattering is governed by Rayleigh's theory, and 
in a cloudless atmosphere applies to air molecules, most of which have a 
size « 1 Ä (note that radio wave scattering by clouds is also Rayleigh 
scattering); 

(2) when πϋ/λ > 5, scattering is chiefly a diffuse reflection process 
seldom occuring in the earth's atmosphere; and 

Particle size is smaller 
than one- tenth the 
wavelength of light 

DIFFUSE 

(a) RAYLEIGH SCATTERING 

Particle size is 
approximately 
one-fourth the 
wavelength 
of light 

DIFFUSE 

Particle size is 
larger than the 
wavelength 
of light 

(b) MIE SCATTERING 

Figure 63.1 Scattering of electromagnetic radiation, (a) Rayleigh scattering, (b) Mie 
scattering. Adapted with permission from H. Brunberger, R. S. Stein, and R. Powell, "Light 
Scattering: Science and Technology," p. 38 (1968). 

•  D e c r e a s e o f t h e o p t i c a l 
transmittance  

•  Modification of the spectral 
content of irradiance 

•  I m p a c t o n t h e a n g u l a r 
distribution of irradiance 
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Unified global investigation 

L. Micheli, Eduardo F. Fernández, Greg P. Smestad, et al, "A unique global investigation on the 
spectral effects of soiling losses of PV glass substrates: preliminary results, ieee-pvsc.org/PVSC44/	



-  Seven 4 cm x 4 cm x 3 mm-thick low iron glass coupons shipped to 
each location.  

-  Coupon 1 to 6 installed outdoors at zero tilt angle for eight weeks. 
-  Coupon 0 kept in a dust free container and used to calibrate each 

spectrometer. 
-  Weekly transmission measurements for coupons 1, 2, 3. 
-  Daily weather and particulate matter (PM) concentration recorded. 
-  A dry cleaning is performed by using a microfiber cleaning cloth. 

•   Coupon 1 cleaned every week, Coupon 2 every four weeks. 

Experimental procedure 



Experimental procedure 

Figure 1. One of the coupons. Figure 2. Supporting structure. 

Figure 3. Coupons mounted on the support structure. 



After 8 weeks (San José, CA) 

San José, CA (USA), coupon C1, C2, C3.  Afternoon sunlight is incident from the 
right side.	



First results: Coupon 3 (two months of outdoor exposure) 

Microscope pictures of six coupons at the end of the data collection. Pictures have been taken 
using a Nikon SMZ 1500 stereomicroscope at a magnitude of 5×: the scale bar on the bottom 
left represents a length of 250 µm. 



First results 

Progressive absolute drop in hemispherical 
transmittance, compared to the initial conditions, 
registered in Golden, CO. Transmittance is obtained 
by averaging the data recorded between 200 and 1100 
nm, with a 1 nm step.  

Direct and hemispherical transmittance of coupon 3 
in Golden. Wavelengths between 500 and 1100 nm 
have been averaged. 



First results: Coupon 3 (two months of outdoor exposure) 

Hemispherical transmittance in the visible and NIR range of coupon 3 for five low soiling 
sites, referenced to the transmittance of coupon 0. The spectra were measured using a 
PerkinElmer Lambda 1050 UV/Vis spectrophotometer with a 150 mm integrating sphere at 
NREL and processed using a local regression technique to remove noise. 



Results: Soiling Ratio for the AM1.5G reference spectrum 

a)  The	impact	of	soiling	is	higher	on	materials	
with	high	energy	gap		

b)  The	difference	is	higher	as	the	soiling	losses	
increase	

Fernández,	E.	F.	et	al..		“Waveband	analysis	for	understanding	the	soiling	impact	on	PV	systems”,	
InternaFonal	PV	Soiling	Workshop,	DEWA	and	NREL,	09/2017,	Dubai.	
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Impact on multi-junction CPV systems 
•  A	 one-year	 experiment	 was	

conducted	 	 at	 the	 University	 of	
Jaén	(January-December	2017)		

•  Six	 4	 cm	 ×	 4	 cm	 coupons	 (i.e.	 3	
made	up	of	glass	and	3	of	PMMA)	
were	placed	in	outdoors	

•  A	Lambda	950	spectrophotometer	
were	 used	 to	 measure	 the	 Direct	
TransmiQance	

•  Isotype	 solar	 cells	 and	 a	 solar	
s pec t r a l	 i r r ad i an ce	 me te r	
So l a r S IM -D2	 wa s	 u s ed	 t o	
c h a r a c t e r i z e	 t h e	 i n c i d en t	
spectrum.		

•  Rain,	PM10	and	other	parameters	
were	 recorded,	 e.g.	 irradiances,	
humidity,	temperature,	etc.	



Impact on MJ CPV systems 



Impact on MJ CPV systems: Metrics 

Impact	on	current-balance	

Soiling	spectral	losses	(soiling	spectral	gains)	

SSG (−)= ​𝑆𝐺/𝑆𝐵𝐺 	

SMRatio(−) = SMRsoiled SMRclean
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Broadband transmittance: C3 

Soiling	event	 Dry	and	rain	event	



Spectral transmittance: C3 

a)  Soiling	 average	 loses	 are	 ≈3%-4%	 higher	 on	 the	 top	 junc'on	 than	 in	 the	
middle	junc'on	of	a	GaInP/GaInAs/Ge	3J	cell.	

b)  Glass	shows	average	losses	≈	3%-5%	higher	than	PMMA	for	all	the	subcells	of	
a	GaInP/GaInAs/Ge	3J	cell.	



Spectral transmittance: C3 



Impact: current-balance (SMRatio) C3 

a)  Soiling	reduces	the	current	of	the	top	junc'on	within	0%-15%	respect	to	the	
middle	junc'on.	

b)  The	 effect	 on	 the	 current	 balance	 increases	 as	 the	 transmiQance	 of	 soiling	
decreases.	



Impact: soiling spectral gains (SSG) C3 

Soiling	 produces	 addi'onal	 spectral	 losses	 within	 0%-15%	 depending	 on	 the	
amount	of	soiling	and	the	spectral	content	of	the	sunlight.	



Are coupons representative of a CPV module? 



Preliminary conclusions 

•  Direct transmission is more affected than hemispherical. 

•  Soiling produces a higher attenuation at shorter wavelengths, and 

therefore, a red-shift of the spectral irradiance. 

•  Soiling reduces the current of the top junction within 0%-15% 

respect to the middle junction. 

•  Soiling produces average losses ≈ 3%-5% higher in Glass than in 

PMMA 

•  Soiling produces additional spectral losses within 0%-15% due to 

its impact on the current balance. 



THANK YOU FOR YOUR ATTENTION! 

Dr.	Eduardo	F.	Fernández	
fenandez@ujaen.es	



First results: Coupon 3 (two months of outdoor exposure) 
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Fraction Loss

slope = 0.80±0.02
R2 = 0.99

Smestad, G. Micheli, L. Germer, T. A. Fernández, E. F., Optical Characterization of PV 
Glass Coupons and PV Modules Related to Soiling Losses, Atlas/NIST Workshop on PV 
Materials Durability (2017)	


